Introduction {#s1}
============

Attention deficit/hyperactivity disorder (ADHD) is not only found in children and adolescents but also in about 5% of young adults who meet full diagnostic criteria ([@CIT0049]). The consequences of adult ADHD (aADHD) are severe, with affected individuals consistently showing lower educational and professional achievement as well as worse mental and physical health ([@CIT0005], [@CIT0006]; [@CIT0023]; [@CIT0010]). Some theories of ADHD etiology focus on impaired behavior inhibition presumably leading to executive function deficits ([@CIT0003]). In fact, overall executive function impairment in ADHD patients is clearly visible both for children ([@CIT0050]) and adults ([@CIT0009]) with effect sizes in the medium range. Specific executive function impairments were found for measures of working memory ([@CIT0034]), which is considered an important component of higher order cognitive functioning.

In line with these results, a recent study reports more working memory deficits in children with ADHD than in healthy control children ([@CIT0022]). Importantly, within this group of children with ADHD, those with pronounced working memory deficits showed worse cognitive functioning and poorer educational outcomes than those without pronounced deficits. Working memory functioning in ADHD thus seems to be of particular importance in understanding common impairments in patients with this disorder. In addition, studies examining the acute effects of stimulant medication on executive function show an improvement of behavioral executive function measures, including working memory manipulation and storage with small and medium effect sizes, respectively ([@CIT0012]).

Previous neuroimaging studies comparing the functional brain activation of aADHD patients to healthy controls during working memory tasks show alterations on the neuronal level with less prefrontal activation in the aADHD group than in a healthy control group ([@CIT0020]; [@CIT0045]; [@CIT0039]) as well as an overall decreased activation pattern in frontoparietal regions ([@CIT0004]). Researchers employing meta-analytic techniques to investigate functional brain activity in aADHD patients from a network perspective also report hypoactivation in the frontoparietal network and, as a potential compensatory mechanism, hyperactivation in the dorsal attention network ([@CIT0016]).

So far, intervention studies on working memory exist only in children and adolescents and found an upregulation of frontoparietal network activity ([@CIT0052]; [@CIT0017]) and connectivity ([@CIT0052]) through methylphenidate (MPH). There are no studies of working memory in adult patients that firstly compare patients and well-matched healthy controls, and secondly use placebo-controlled designs and span several weeks. To date, most studies investigate children and adolescents and rely on dispensing single doses of medication or using a naturalistic on/off design. A recent review ([@CIT0043]) of studies examining the effects of psychostimulants on fMRI-measured brain function reports only 4 studies with aADHD patients ([@CIT0011]; [@CIT0037]; [@CIT0040]; [@CIT0040]). Only one of these studies ([@CIT0011]) investigated task-related functional activation in a double-blind placebo-controlled design that spanned several weeks, and no study used a comparable working memory task.

The goal of this study was to therefore attempt to close this gap by examining activation differences between aADHD patients and healthy controls and to investigate the impact of placebo-controlled double-blind MPH treatment in aADHD patients during an n-back working memory task. Since the focus of this investigation was the task-related activation in frontal and parietal brain regions, fMRI was employed as the method of choice for superior spatial resolution. In line with previous findings ([@CIT0020]; [@CIT0004]; [@CIT0016]; [@CIT0039]), we expected the 2-back condition of this task to be associated with decreased frontal and parietal activation in aADHD patients compared to the 0-back control condition and healthy controls. In addition, we hypothesized that treatment with MPH for 6 weeks compared to placebo should increase activation in these areas for the treated aADHD patients.

Methods {#s2}
=======

Participants and Clinical Diagnosis {#s3}
-----------------------------------

A total of 41 patients with aADHD were recruited from the ADHD outpatient clinic at the Department of Psychiatry, Psychosomatics, and Psychotherapy of the University of Wuerzburg. Diagnoses were made by an experienced psychiatrist according to DSM-IV-TR (2000). Patients had to be medication-naïve or without medication for at least 3 months prior to testing with no obvious comorbid disorders to be approached for participation. To corroborate the initial diagnosis, all patients were administered the Wender-Reimherr-Interview (WRI) ([@CIT0015]) and the Conners' Adult ADHD Rating Scales (CAARS) ([@CIT0014]). The Wender Utah Rating Scale (WURS) ([@CIT0046]) was administered to retrospectively measure ADHD symptoms in childhood. To assess possible comorbid axis I disorders (an exclusion criterion), all patients were assessed with the Structured Clinical Interview for DSM-IV ([@CIT0051]), the Hamilton Depression Rating Scale ([@CIT0029]), and the Hamilton Anxiety Rating Scale ([@CIT0028]). With exception of the WURS, all questionnaires were administered twice, before the first and the second fMRI appointment, in order to track possible treatment-related changes in symptomatology. Furthermore, all participants completed the Standard Progressive Matrices (SPM) ([@CIT0033]) to obtain a nonverbal estimate of their intellectual functioning. All participants furthermore completed a second working memory/ selective attention task as well as the Digit Span subtest from the German version of the WAIS (Aster et al., 2006) and the Stroop Color Word Test (Bäumler, 1985), the results of which are published elsewhere ([@CIT0008]).

Of the 41 recruited aADHD patients, 3 did not meet full inclusion criteria and 3 more patients decided not to proceed with the study after inclusion, resulting in an initial sample of 35 patients. Subsequently, 1 patient decided to discontinue the study for unknown reasons after the first fMRI appointment. No or only one set of fMRI data was obtained from 2 patients who started working in metal processing and were excluded from further fMRI data collection in accordance with the health and safety regulations of the Research Center for Magnetic Resonance Bavaria. Two data sets of aADHD patients from the first fMRI appointment were lost because of technical problems. Two patients had to be excluded after preprocessing of the data because of excessive movement in the scanner (continuous repetitive movements and sudden movement of \>2mm, respectively). One patient was excluded because her behavioral performance showed extremely low outlier values, resulting in a total of 29 patient data sets for the first and 27 patient data sets for the first as well as the second fMRI appointment. Sixteen of the 29 patients (55%) were classified as predominantly inattentive, 12 patients (41%) were classified as combined type, and one patient was classified as predominantly hyperactive/impulsive. Nineteen of these patients (66%) were medication naïve, while 7 patients (24%) had had previous treatment attempts with MPH and 1 patient had had a previous treatment attempt with atomoxetine. No reliable information about previous treatment attempts could be obtained for 2 patients.

In addition, 47 healthy control participants without a past or present diagnosis of ADHD and without any current neurological or psychiatric diseases were recruited from a previously established participant pool (see also [@CIT0027]; [@CIT0007]) as well as through university advertisements. A subset of 29 healthy control participants was chosen to match the patient group most closely in a case-control design (*P* ≥ .2 for age, gender, and years of schooling) ([Table 1](#T1){ref-type="table"}). All participants completed the Adult ADHD Self-Report Scale to obtain a current estimate of their ADHD-related symptomatology ([@CIT0031]) and had normal or corrected-to-normal vision.

###### 

Overview of Mean Demographic Data and Questionnaire Scores for Healthy Controls and the aADHD MPH and Placebo Groups

                               **First Appointment**                          **First Appointment**    **Second Appointment**                               
  ---------------------------- ----------------------- ---------------------- ------------------------ ------------------------ ------------- ------------- -------------
  Participants (male)          29 (13)                 29 (18)                Participants (male)      14 (8)                   15 (10)       13 (7)        14 (9)
  Mean age                     33.3 (9.3)              36.1 (9.9)             Mean age                 35.5 (10.1)              36.7 (10.0)   36.4 (9.9)    37.3 (10.1)
  Mean school years            11.1 (1.8)              10.8 (1.6)             Mean school years        10.5 (1.4)               11.2 (1.8)    10.5 (1.5)    11.4 (1.7)
  SPM raw score                50.7 (4.9)              49.4 (7.0)             SPM raw score            49.0 (8.0)               49.8 (6.1)    49.2 (8.2)    49.6 (6.3)
  ASRS                         CAARS DSM-IV Symptoms                                                                                                        
   Inattention                 11.2 (4.6)**\*\*\***    24.0 (4.8)**\*\*\***    Inattentive             77.4 (10.0)              80.0 (9.1)    69.1 (12.8)   61.6 (12.7)
   Hyperactivity/Impulsivity   9.7 (5.4)**\*\*\***     18.7 (6.2)\***\*\***    Hyperactive/impulsive   65.3 (13.0)              55.8 (15.1)   56.1 (13.9)   45.1 (11.9)
                                                                               Total                   75.9 (11.3)              71.5 (11.7)   64.7 (13.8)   54.5 (12.6)
                                                                              HAM-A                    9.3 (8.5)                8.5 (8.0)     6.0 (5.1)     7.0 (7.0)
                                                                              HAM-D                    5.5 (5.8)                4.6 (6.0)     2.4 (2.3)     3.9 (6.0)

Abbreviations: ASRS: Adult ADHD Self-Report Scale; CAARS: Conners' Adult ADHD Rating Scales; HAM-A: Hamilton Anxiety Rating Scale; HAM-D: Hamilton Depression Rating Scale; MPH: Methlyphenidate; SPM: Standard Progressive Matrices.

Standard deviation is noted in parentheses unless stated otherwise.

**\*\*\*** significant between-group differences, *P* ≤ .001.

Medication and Placebo Procedures {#s4}
---------------------------------

After inclusion in the study, all aADHD patients were randomly assigned to either immediate release MPH or placebo treatment in a double-blind design. Randomization lists were generated using Rancode 3.6 (Isi Medien GmbH, München, Germany). Block size was restricted to 4. Separate lists were used for male and female participants and for different genotypes (which are of no interest here). Treatment was selected according to these lists; the number of the respective medication box was subsequently assigned using a different list. The random allocation sequences were generated by Medice Arzneimittel Pütter GmbH & Co. KG (Iserlohn, Germany), and a medical laboratory assistant/study nurse assigned participants to the intervention. Neither the patients nor any researcher involved in data collection were aware of the assigned treatment. Medication and placebos were provided by Medice Arzneimittel Pütter GmbH & Co. KG. Medication was dispensed in a free titration design. The medication schedule started with an initial daily dose of 10mg, which was increased by 10mg every week up to a maximum daily dose of 60mg. Medication was only increased as long as the patient subjectively benefitted from the increase without suffering from any disturbing side effects. A psychiatrist saw each participating patient at least every 2 weeks to assess symptom response and side effects and adjust medication dosage if necessary. Patients were debriefed after the second fMRI appointment following 6 weeks of treatment with MPH medication or placebo and could subsequently decide to begin or continue MPH treatment (depending on their previous treatment). Furthermore, all patients were seen by a psychiatrist for a final follow-up assessment 4 weeks after the end of the double-blind medication phase (see [supplementary Figure 1](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw049/-/DC1) for a diagram of the study design). There were no harmful or unintended effects for any of the patients.

After 6 weeks of medication, the average daily medication dose was 49mg (SD=15). Medication doses were significantly lower for patients in the MPH (M=44mg, SD=18) compared to patients in the placebo group (M=55mg, SD=8; t~(32)~=2.48, *P* = .02). In line with previous studies ([@CIT0005]; Medori et al., 2008; Rösler et al., 2009), clinically significant treatment response was defined as a fixed minimum reduction in T-scores, in this case on the CAARS DSM-IV Total ADHD Symptoms scale as well as on the CAARS DSM-IV Inattentive Symptoms scale and/or the CAARS DSM-IV Hyperactive/Impulsive Symptoms scale, from day 1 to day 42. Given that the CAARS scores in this study were based on patient self-report, which was previously found to lead to higher endpoint scores than investigator ratings in clinical trials ([@CIT0001]), we deemed a minimum reduction of 20% adequate to classify patients as responders. Six patients (40%) in the placebo group and 12 patients (63%) in the MPH group responded to treatment. As mentioned above, not all patients could be reassessed at the second fMRI appointment, which resulted in a total of 27 patient data sets that comprised both the first fMRI appointment without medication and the second fMRI appointment after 6 weeks of MPH or placebo (see [Figure 1](#F1){ref-type="fig"} for the CONSORT 2010 Flow Diagram).

![CONSORT flow diagram illustrating the ADHD patients' progress through the study.](ijnppy_pyw049_f0001){#F1}

Ethical approval was obtained through the Ethical Review Board of the medical faculty of the University of Wuerzburg; all procedures involved were in accordance with the 2008 Declaration of Helsinki. All participants gave written informed consent after full explanation of the procedures.

Experimental Paradigm {#s5}
---------------------

The modified version of the classic n-back task ([@CIT0013]) is well established in the literature ([@CIT0019]; [@CIT0024]; [@CIT0035]; [@CIT0018]). It requires participants to respond on every trial by indicating the number shown "n" trials earlier (numbers range from 1 to 4). The paradigm we used comprised a 0-back, a 1-back, and a 2-back condition, presented in blocks of 30 seconds each. The 0-back condition served as control condition as it constitutes a motor equivalent to the 1-back and 2-back conditions, but does not require higher cognitive functions of working memory. Numbers were presented for 500ms with 1 500-ms interstimulus interval, leading to a total of 15 number presentations per block. Fifteen blocks (i.e., 5 blocks per condition) were presented in pseudo-randomized order with the entire experiment lasting around 8 minutes. All participants were familiarized with the task beforehand and completed a practice run to ensure their understanding of the instructions.

Analysis of Behavioral Data {#s6}
---------------------------

Potential differences in behavioral performance (correct responses, incorrect responses, and missed trials) between the aADHD group and the healthy control group were investigated using mixed-model ANOVAs with the between-subjects factor *group* (aADHD vs healthy controls) and the within-subjects factor *task difficulty* (0-back, 1-back, 2-back). To investigate medication effects on behavioral performance, mixed-model ANOVAs with the between-subjects factor treatment (MPH vs placebo) and the within-subjects factors time of measurement (first fMRI appointment vs second fMRI appointment) and task difficulty (0-back, 1-back, 2-back) were computed (see [supplementary Table 1](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw049/-/DC1) for the complete performance data). If assumptions of sphericity were violated, degrees of freedom were adjusted according to Greenhouse-Geisser ([@CIT0025]). For all behavioral data, outliers were identified using *z*-transformation of the data. Participants with any value exceeding *z =* ±3.29 were excluded from further data analysis.

To compute meaningful correlations of mean cluster activations for the contrast of the most demanding condition (2-back) minus the control condition (0-back) and performance data, performance indices were calculated as the ratio of *2*-back percent correct responses to 0-back percent correct responses. To avoid missing values for the incorrect response ratios due to a lack of incorrect responses in any of the 2 conditions, percent incorrect responses was converted to its corresponding negative value. This procedure yielded 2 different performance indices, one based on the number of correct responses and the other based on the number of incorrect responses. The index based on correct responses should be seen as indicating performance quality. In contrast, the index based on incorrect responses should be understood as indicating performance monitoring. Higher values reflect better behavioral performance for both indices. Since responses in this paradigm were externally paced by the appearance of the next number stimulus, reaction times were not analyzed. For all analyses, *P* ≤ .05 was considered significant and *P* ≤ .1 was considered a trend.

Imaging Parameters and Analysis {#s7}
-------------------------------

Imaging data were acquired using a Siemens MAGNETOM Avanto MRI scanner with a magnetic field strength of 1.5 Tesla (Siemens AG, Erlangen, Germany) and a 12-channel head coil. The TR of the T2\*-weighted gradient echo planar imaging (EPI) sequence was 3s; the echo time (TE) was 50ms. Further parameters were: ﬂip angle 90°, in-plane resolution 3.6×3.6mm^2^, ﬁeld of view (FOV) 230×230mm^2^, 32 axial slices (descending order), slice thickness 4mm (1 mm gap). Slices were aligned to the AC-PC line. The first three volumes of each sequence were discarded to allow for signal saturation. In addition, a high-resolution structural MPRAGE scan (TR 1.87s, TE 3.74ms, flip angle 15º, in-plane resolution 1.4×1mm^2^, FOV 250×250mm^2^, slice thickness 1mm) was acquired for each participant. The experimental task was presented via MRI-compatible goggles (VisuaStim Digital, Resonance Technology, Inc., Northridge, CA) using Presentation (version 11.3, Neurobehavioral Systems, Inc., Albany, NY). To minimize head movement, participants lay on a polyurethane foam head cushion with additional movement restraints mounted to the sides of the head coil.

All fMRI data were analyzed using Statistical Parametric Mapping (SPM8) ([@CIT0047]) implemented in MATLAB (The MathWorks). EPI images were realigned, and the MPRAGE scan was coregistered to the mean EPI image and segmented. EPI images were then normalized to 3 mm^3^ voxel size and smoothed with a 9 mm^3^ full-width at half maximum Gaussian smoothing kernel. Subsequently, first-level analyses were computed with a high-pass filter of 256s incorporating the conditions of interest (0-back, 1-back, 2-back) as well as the 6 movement parameters obtained during preprocessing. Results were whole-brain family-wise error (FWE) corrected with *P* \< .05 unless specified otherwise. The extent threshold for a given cluster was set to a minimum of 5 voxels.

To examine task-induced activation, whole brain analyses were carried out across all participants using 1-sample *t* tests. To investigate differences between the aADHD and the control group, whole brain analyses were carried out using 2-sample *t* tests. Medication effects in aADHD patients were examined using mixed-model ANOVA implemented as flexible factorial models in SPM8 with the between-subjects factor treatment (MPH vs placebo) and the within-subjects factor time of measurement (first fMRI appointment vs second fMRI appointment).

Regions of Interest Analysis {#s8}
----------------------------

Whole brain results for the contrast 2-back minus 0-back were examined for activation at peak voxels of interest belonging to the attention network as specified by [@CIT0021]. Further analyses were then carried out by testing for differences between aADHD patients and healthy controls as well as between MPH- and placebo-treated aADHD patients using small volume correction (spheres with 9 mm diameter). For all ROI analyses, peak voxels with *P* ~FWE~ ≤ .05 were considered significant and peak voxels with *P* ~FWE~ ≤ .1 were considered trends. If the small volume correction showed between-group differences for the peak voxel of a given cluster, the contrast estimates of this cluster were exported for each participant using REX Toolbox ([@CIT0048]). These mean cluster activations were entered into SPSS Statistics 20 (IBM, New York, NY) to calculate correlations between mean cluster activations and behavioral as well as questionnaire data.

Results {#s9}
=======

Behavioral Data {#s10}
---------------

Mixed-model ANOVAs for the first fMRI appointment with the between-subjects factor group and the within-subjects factor task difficulty yielded no significant main effect of group and no significant interaction of group and task difficulty for correct responses, incorrect responses, or missed trials (all *P* \> .1; see [supplementary Table 1](http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw049/-/DC1) for all performance data). There was, however, a significant main effect of task difficulty (*F* ~(2,112)~ = 99.37, *P* \< .001) for correct responses, for missed trials (*F* ~(2,112)~ = 52.22, *P* \< .001), and for incorrect responses (*F* ~(2,112)~ = 47.75, *P* \< .001) with all participants showing worse performance with increasing task difficulty.

Six patients (40%) in the placebo group and 12 patients (63%) in the MPH group responded to treatment, yielding a trend for a between-group difference (t~(32)~ = 1.34, *P* ~one-sided~ = .095). Mixed-model ANOVAs for correct responses, incorrect responses, and missed trials for the patient group with the between-subjects factor medication and the within-subjects factors time of measurement and task difficulty showed significant main effects of time of measurement (*F* ~(1,25)~ = 9.14, *P* = .01) and task difficulty (*F* ~(2,50)~ = 59.41, *P* \< .001) for correct responses: Patients performed better on the second compared to the first appointment and showed worse performance with increasing task difficulty. The same was true for missed trials (main effect time of measurement: *F* ~(1,25)~ = 12.67, *P* = .002; main effect task difficulty: *F* ~(2,50)~ = 23.52, *P* \< .001). In contrast, for incorrect responses, only a main effect of task difficulty could be found (*F* ~(2,50)~ = 24.45, *P* \< .001).

fMRI Data {#s11}
---------

At the first fMRI appointment, whole brain analyses for the contrast of the most demanding condition (2-back) minus the control condition (0-back) showed strong activation patterns of frontal and parietal regions of the dorsal and ventral attention network as well as of the cerebellum and the caudate nuclei for both groups ([Figure 2](#F2){ref-type="fig"}). An examination of attention network peak voxels as specified by [@CIT0021] across both groups revealed significant task-induced bilateral activation in the intraparietal sulcus as well as significant unilateral activation in the right superior, middle, and inferior frontal gyri, and the right precuneus. These peak voxels were subsequently examined for between-group differences as described above.

![Significantly activated voxels found in the whole brain analysis with *P* ~FWE~ \< .05 (5 voxels extent threshold) for the contrast 2-back minus 0-back in the patient group (top) and the healthy control group (bottom).](ijnppy_pyw049_f0002){#F2}

Comparisons between the aADHD and the healthy control group showed no significant whole brain differences during the first fMRI appointment. However, ROI analyses yielded significantly greater peak voxel activation in aADHD patients compared to healthy controls in the left anterior intraparietal sulcus (IPS; *P* ~FWE~ = .02, cluster size 43 voxels; [Table 2](#T2){ref-type="table"}; [Figure 3](#F3){ref-type="fig"}) and the right inferior/middle frontal gyrus (IFG/MFG; *P* ~FWE~ = .050, cluster size 41 voxels). In addition, we found trends for greater activation in the patient group compared to the healthy controls in the right posterior IPS and the right anterior IPS (*P* ~FWE~ = .06, cluster size 19 voxels and *P* ~FWE~ = .09, cluster size 57 voxels, respectively).

###### 

Peak Voxel Differences Between Healthy Controls and ADHD Patients for the Contrast 2-Back Minus 0-Back

  **Anatomical Region**   **MNI Coordinates (ROI Center**)   **MNI Coordinates (Peak Voxel**)   **Cluster Size**   ***t*** ~***(56*)**~   ***P*** ~**FWE**~
  ----------------------- ---------------------------------- ---------------------------------- ------------------ ---------------------- -------------------
  Right posterior IPS     21 -73 52                          15 -76 46                          19                 2.84                   .06
  Right anterior IPS      36 -52 46                          39 -49 49                          57                 2.57                   .09
  Left posterior IPS      -21 -73 46                         \-\--                                                                        
  Left anterior IPS       -42 -43 43                         -36 -49 40                         43                 3.36                   .02
  Right MFG               36 38 25                           \-\--                                                                        
  Right SFG               30 44 34                           \-\--                                                                        
  Right IFG/MFG           48 14 35                           45 11 37                           41                 2.96                   .050
  Right SFG               3 17 55                            \-\--                                                                        
  Right precuneus         3 -58 52                           \-\--                                                                        

Abbreviations: IFG: inferior frontal gyrus; IPS, intraparietal sulcus; MFG, middle frontal gyrus; SFG, superior frontal gyrus.

Specified are the examined anatomical regions and their MNI coordinates based on [@CIT0021], as well as the corresponding cluster sizes (in voxels), peak voxel MNI coordinates, and t- as well as *P* ~FWE~-values.

*P* values ≤ .05 were considered significant, *P* values ≤ .1 were considered trends.

![Clusters found in the ROI analysis that showed significantly greater peak voxel activation for the contrast 2-back minus 0-back in the patient group (ADHD) compared to the healthy control group (HC) in the (A) left anterior intraparietal sulcus (IPS) and in the (B) right inferior/ middle frontal gyrus (IFG/MFG) as well as mean contrast estimates and standard error of measurement for these two clusters (C). \*Significantly different, *P* ≤ .05.](ijnppy_pyw049_f0003){#F3}

As the mixed-model ANOVA yielded no significant whole brain interactions of treatment and time of measurement for the patient group, peak voxels of the attention network ([@CIT0021]) were used for ROI analyses of treatment-induced differences. ROI analyses showed a significant interaction of treatment and time of measurement for the contrast 2-back minus 0-back in the right superior frontal gyrus (SFG; *F* ~(1,25)~ = 14.14, *P* ~FWE~ = .04, cluster size: 12 voxels). Subsequent 2-sample *t* tests for this ROI showed a trend for greater SFG activation in the MPH group compared to the placebo group (*t* ~(25)~ = 2.81, *P* ~FWE~ = .09) at the second fMRI appointment, while no significant differences were observed at the first appointment (all *P* ~FWE~ \> .1).

Correlation coefficients between mean contrast estimates for clusters with significant or trend level peak voxel differences and performance indices at the first fMRI appointment revealed significant or trend level associations between correct response performance and activation in the left anterior IPS as well as the right anterior and posterior IPS across all participants ([Table 3](#T3){ref-type="table"}): The higher the activation in these areas, the better performance with regard to correct responses. Similarly, incorrect response performance correlated significantly with activation in the right IFG/MFG as well as the right anterior and posterior IPS: The higher the activation in these areas, the fewer incorrect responses were given in all participants.

###### 

Correlation Coefficients (r) and *P* Values for the Contrast Estimates (Contrast 2-Back Minus 0-Back) of the Investigated Clusters and the Two Performance Indices for the Entire Sample (Patient Group and Healthy Control Group), and Correlation Coefficients (r) and *P* Values for the Contrast Estimates (Contrast 2-Back Minus 0-Back) of the Investigated Clusters and the T-Scores for CAARS DSM-IV Hyperactive/Impulsive Symptoms and CAARS DSM-IV Total ADHD Symptoms Scales for the Patient Group at the First fMRI Appointment

  -----------------------------------------------------------------------------------------------------------------------------------
  **Anatomical Region**   **Performance (Correct**)   **Performance (Incorrect**)   **CAARS**\                   **CAARS**\
                                                                                    **H-I Symptoms** ^***b***^   **Total Symptoms**
  ----------------------- --------------------------- ----------------------------- ---------------------------- --------------------
  Left anterior IPS       .25 (.06)                   .22 (n.s.)                    .46 (.01)                    .54 (.002)

  Right IFG/MFG           .20 (n.s.)                  .32 (.01)                     .41 (.03)                    .44 (.02)

  Right posterior IPS     .35 (.01)                   .48 (\<.001)                  .46 (.01)                    .40 (.03)

  Right anterior IPS      .24 (.07)                   .37 (.004)                    .28 (n.s.)                   .40 (.03)
  -----------------------------------------------------------------------------------------------------------------------------------

Abbreviations: IFG, inferior frontal gyrus; IPS, intraparietal sulcus; MFG, middle frontal gyrus.

^*a*^ df = 56.

^*b*^ Hyperactive/impulsive symptoms.

^*c*^ df = 27; *P* values ≤ .05 were considered significant, *P* values ≤ .1 were considered trends.

For the patient sample at the first appointment, activation in some of the investigated areas correlated with symptom severity as measured with the CAARS ([Table 3](#T3){ref-type="table"}): Higher fMRI contrast estimates in the left anterior IPS, the right IFG/MFG, and the right posterior IPS correlated significantly with scores on the CAARS DSM-IV Hyperactive/Impulsive Symptoms and the CAARS DSM-IV Total ADHD Symptoms scales.

Discussion {#s12}
==========

The results of this study contribute to previous observations in an unexpected way: Based on a meta-analysis of fMRI studies investigating executive function ([@CIT0016]), we hypothesized to find a hypoactivation of attention network ROIs in aADHD patients compared to healthy controls. This was not the case, and our data did actually show a hyperactivation of several network ROIs in the frontal and parietal lobes for the aADHD group. To interpret this finding, the results from the above-mentioned meta-analysis as well as from two similar previous studies need to be reexamined. The first similar study employed a classic n-back task and reports hypoactivation particularly in the DLPFC in a group of children with ADHD compared to healthy controls ([@CIT0017]). These 2 groups showed behavioral performance differences, with the ADHD group performing significantly worse than the healthy control group in the more demanding conditions. The same is true for a study with aADHD patients, which reports less network activation but also worse performance in the patient group ([@CIT0004]). Interestingly, the meta-analysis of fMRI studies with adults reports hypoactivation in the frontoparietal network as well as hyperactivation in the dorsal attention network, which the authors interpret as possibly reflecting compensatory efforts ([@CIT0016]).

This latter interpretation is very compatible with our own data. On the one hand, the activation of network ROIs across all participants was unexpectedly increased, but on the other hand correlated positively with behavioral task performance. The absence of behavioral performance differences between the 2 groups thus suggests a successful compensation of possibly existing deficits by the aADHD group. In addition, activation of network ROIs correlated positively with the CAARS DSM-IV Hyperactive/Impulsive Symptoms and Total ADHD Symptoms scales in aADHD patients. This might indicate that aADHD patients with more severe symptoms had to apply more effort to successfully complete the task, which would be consistent with the interpretation of increased functional activation reflecting compensatory efforts. This interpretation is further supported by the observation of a medication effect in the right superior frontal gyrus of patients treated with MPH compared to patients treated with placebo. This is in line with previous reports of MPH upregulating network activity and frontal activation ([@CIT0038]; [@CIT0052]; [@CIT0017]).

Our results thus seem well in line with models that suggest executive function impairment in ADHD ([@CIT0003]; [@CIT0041]; [@CIT0042]). Unlike the patients of previous fMRI studies of working memory function ([@CIT0004]; [@CIT0017]), however, the patients in our study seem to have been able to compensate for their executive function deficits in a cognitively demanding situation, showing equal performance, but increased fMRI activation. Our strict inclusion and exclusion criteria might have contributed to this result as the participating patients might thus have been particularly well adjusted. One could therefore argue that these patients had successfully learned to compensate for the deficits caused by their ADHD earlier in life, which is reflected in our results. However, it should be noted that this pattern of compensation through increased activation might have changed if task difficulty had been increased even further. [@CIT0032] report that increased frontoparietal activation in a group with aADHD during the 2-back condition of a phonological working memory task was reversed with the aADHD group showing decreased activation in the more demanding 3-back condition.

However, there are also several limitations to this study. Since inclusion and exclusion criteria were rather strict, it was not possible to select participants based on their ADHD subtype. This is especially important as there is some evidence that the childhood inattentive type might represent a disorder that is etiologically and neurobiologically distinct from the childhood hyperactive/impulsive and combined types (Goodyear and Hynd, 1992; Diamond, 2005). Thus, including inattentive and combined type aADHD patients in our investigated sample likely increased the variance within that sample, thereby reducing the probability of finding any significant differences. While we found correlations for the CAARS DSM-IV Hyperactive/Impulsive Symptoms as well as the Total ADHD Symptoms scales with activation parameters, no correlations were found for the CAARS DSM-IV Inattentive Symptoms scale. This could point to high heterogeneity of the inattentive ADHD symptoms in our sample.

In addition, much information could be gained by splitting the examined patients into responders and nonresponders based on an a priori criterion, and by investigating the obtained fMRI data separately for these 2 groups. However, the sample size in our study was not sufficient to allow any meaningful analyses of this kind. Another potential limitation concerns the very strict inclusion and exclusion criteria, which might have led to the inclusion of only relatively well-adjusted aADHD patients. Furthermore, no third party assessment by a parent or other relative was obtained to corroborate childhood symptoms of ADHD self-reported on the WURS ([@CIT0046]). In addition, the SPM might not be an adequate test to obtain a nonverbal estimate of intellectual functioning in the patient population, as there is some overlap between symptoms of ADHD and autistic traits ([@CIT0036]; [@CIT0026]), which might have caused patients to achieve inflated scores (see also [@CIT0030]).

This is, to our knowledge, the first study investigating working memory processes and methylphenidate effects in a sample of aADHD patients using a double-blind placebo-controlled design, and it also is the largest adult sample investigated to date with this type of design. The results show that the functional differences during task-completion and the effects of MPH in aADHD patients are subtle, but nevertheless present. They are consistent with the notion that MPH treatment in aADHD patients supports endogenous compensatory mechanisms by further increasing activation of frontal attention network ROIs. A common compensatory mechanism of psychological and drug interventions for the amelioration of aADHD symptoms provides the rationale for further studies integrating both approaches to optimize treatment of aADHD. Employing behavioral task performance combined with fMRI imaging may differentiate patients who profit from a given therapeutic approach from those who will not, even after a short treatment period. The present study may therefore contribute to the design of a priori stratification studies to define patients with additional treatment needs beyond the present standard treatment.
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